The adsorption and migration of sulphur (S) atoms on the diamond (001) surface were investigated through first principles calculations to discover the inherent law in S-doped diamond film growth. Results indicated that deposited S atoms could abstract the hydrogen atom on the surface. The adsorption energies were in a range of 2.47 to 5.5 eV when S atoms were deposited on the hydrogen terminated surface or the surface with open radical sites (ORSs). The S atom could migrate on the surface of the 3ORS slabs and the energy barrier was approximately 1.35 eV. The calculations of the projected density of states and the analysis of the magnetic moments presented an interesting result, which demonstrated the evolving phenomena in S-doped diamond film growth and discovered the inherent laws. On the 2ORS slabs, the magnetic moment of the S atom became 0.000 µ B after bonding with the two carbon atoms. In such case, a new doped C atom combined with the S atom with a triple bond, and then the C-S molecule was desorbed from the surface. The abstraction of the adsorbed S atom results from the fact that S atoms have six electrons in their outermost electron shell. This finding revealed the reason behind the low S incorporation and the growth rate decrease in S-doped diamond film deposition. This discovery also indicated that atoms with six electrons in their outermost electron shell might hardly be doped into the diamond films during the deposition process.
Introduction
Sulphur (S)-doped diamond films were studied for many applications, such as n-type semiconductors [1] [2] [3] , electron emission from nano-structured materials [4] , field emission for cold cathode devices [5] , and hard coatings [6] .
S-doped diamond films were studied as shallow-donor dopants for n-type diamond semiconductors. S-shallow donors with activation energy of 0.38 eV were found [7, 8] to be connected to boron, which was accidentally added through chemical vapor depositions (CVD) reactor contamination [9] . Calculations on the donor activation energy level of S in diamond presented highly different results, from 0.15 eV [9] , over 0.375 eV [10] , and to 1.63 eV [11] . S-doped diamond synthesis indicated that S incorporation into diamond films was low. Sternschulte et al. reported that the S incorporation coefficient in boron-free homoepitaxial diamond films was estimated as 10 −6 level [12] . Recently, S-doped diamond films were deposited on silicon (Si) substrate [2] . The net sticking probability, the ratio of S in the film to S in the gas phase, was approximately 1 × 10 −4 at 1170 K. Generally, low incorporation rates were not beneficial to n-type semiconductor applications, but were favourable for some optics applications [4] . Many studies of the S-doped diamond film deposition indicated the influence of S doping on film growth and film structure. S doping could lead to the growth rate decrease of diamond films during both hot filaments chemical vapor deposition (HFCVD) and micro plasma chemical vapor deposition (MPCVD) [13] [14] [15] . Only one research showed that the growth rate of diamond films could slightly increase via S doping at a low deposit temperature (700 • C) [12] . S doping resulted in different morphological changes. Numerous (100) facets or un-facetted Ballas diamond grains were observed in the addition of more than 500 ppm H 2 S in HFCVD process [13] . In the MPCVD process, increasing H 2 S input levels from 100 to 1000 ppm significantly increased the proportion of (100) oriented facets; however, increasing H 2 S levels to 5000 ppm resulted in the rounded appearance of crystal facets [14] . S addition could decrease diamond crystal quality upon the valuation based on the ratio of the height of the diamond peak at 1332 cm −1 , H d , to the height of the graphite band at 1550 cm −1 , H g [14] , the sp 3 content [3] or the ratio of peak intensities of graphitic phase to diamond (I g /I dia ) in Raman spectroscopy [2] . The above studies on S-doped diamond films showed that film microstructure could be influenced by process parameters. Therefore, the adsorption and migration of S-doped diamond films should be investigated through first-principles calculations.
Zhou el al. studied the equilibrium geometry and the band structure of S-doped diamond using density functional theory (DFT) calculations. Their result indicated that S atoms were spontaneously incorporated into the diamond (100) surface [10] . This result did not agree with experimental results of the other studies [2, 12] .
The first-principles calculations in our previous studies were conducted to study the doped diamond films and the adsorption and migration of Si, boron (B), yttrium (Y), niobium (Nb), and nitrogen (N) atoms on the diamond (001) surface [16] [17] [18] [19] [20] [21] [22] [23] . Results revealed the different features of B, Si, and N dopants in the doped diamond film growth.
Plasma diagnostics [24] and thermodynamic calculations [25] indicated that the C-S species appeared in the plasma region in the S-doped diamond film deposition. However, optical emission spectroscopy showed that S 2 was the dominant species [24] , and this result agreed well with the observed deposition of S on cool chamber walls [14] . Therefore, the adsorption and migration of S atoms on the diamond (001) surface were investigated in this study.
Calculation Methods and Models
In this paper, first-principle calculations were performed by using the Vienna Ab-initio Simulation Package (VASP 5.2) [26] [27] [28] based on DFT, as previously described [23] . In the calculations, plane wave basis and periodic boundary conditions were utilized to calculate the Kohn-Sham ground state. A projector augmented-wave (PAW) [29, 30] was used to calculate the electronic structure. The generalised gradient approximation (GGA), based on the Perdew-Burke-Ernzerhof (PBE) functional [31, 32] , was employed to describe the local electron density distribution. The k-point sampling of the Brillouin zone was settled by using the Monkhorst-Pack scheme [33] during a self-consistent calculation to identify the electronic ground state. A (5 × 5 × 1) k-point mesh was used for slab calculations. Additionally, spin-polarisation was conducted in all calculations to optimize the structure and configuration. Electron and ion relaxation convergence precisions were 10 −4 and 10 −3 eV, respectively. The nudged elastic band (NEB) method in VASP [34] was used to calculate the minimum migration energy of atoms on the diamond (001) surface.
Prior to calculating atom migration, a lattice constant of 3.568 Å was determined by adjusting the calculation parameters to optimize the diamond crystalline structure, in which the plane-wave cut-off energy was 350 eV. The calculated lattice constant was close to the experimental value of 3.567 Å [35] . A 4 × 4 × (1 + 8 + 1 + 16) slab, comprising 1 hydrogen layer at the bottom, 8 carbon layers with (4 × 4) carbon atoms per layer, 1 hydrogen layer on the top of carbon layer, and 16 vacuum layers, was used to model the hydrogen-terminated diamond (H-Ter-D) (001) surface, as shown in Figure 1 . The height of the vacuum layer was approximately 12.8 Å so that a periodically arranged interference could be prevented. After the relaxation, the diamond (001) surface underwent reconstruction, and a 1.62 Å long dimer bond was formed. Simultaneously, the bond length between the hydrogen atom and the surface carbon atom reached 1.10 Å. The six highly symmetrical positions are shown in Figure 1a ,b, which are described in our previous paper [23] . The position P1 was at the bridge site of the dimer ring-closing bond; the position P2 was at the top of the C atom in the carbon dimer; the position P3 was at the bridge site of the dimer ring-opening bond; the position P4 was between the carbon dimer row at the top of the atom in the third layer; the position P5 was between the carbon dimer at the top of the atom in the second layer; and the position P6 was between the carbon dimer at the top of the atom in the second layer. A sulphur atom was relaxed at the six positions to calculate the adsorption energy. The specific definitions of one open radical site (1ORS), 2ORS-R, 2ORS-CO, 2ORS-CC, 3ORS-C, and 3ORS-R slabs shown in Figure 1c are illustrated with relevant textual description. 001) with an open radical site, denoted as 1ORS; when hydrogens A and B were abstracted, the configuration represents a model with two ORSs along the dimer row, denoted as 2ORS-R; when hydrogens B and C were abstracted, this configuration represents a model with two ORSs along the dimer chain by the ring-opening side, denoted as 2ORS-CO; when hydrogens E and B were abstracted, the configuration represents a model with two ORSs along the dimer chain by the ring-closing side, denoted as 2ORS-CC; when hydrogens E, B, and C were abstracted, the configuration represents a model with three ORSs along the dimer chain, denoted as 3ORS-C; and when hydrogens A, B, and D were abstracted, this configuration represents a model with three ORSs along the dimer row, denoted as 3ORS-R.
Results and Discussion

On the Fully Hydrogen Terminated Diamond (001) Surface
The adsorption energy E ad of an S atom was computed using Equation (1) . E tot is the total configuration energy with an S atom adsorption; E slab is the energy of the H-Ter-D (001) configuration without the adsorbed atoms, which was −1273.146 eV and E s is the energy of a single S atom. The positive adsorption energy E ad means that the S atom bonds with the surface atoms or adsorbs on the surface. While the negative adsorption energy E ad indicates that the S atom does not bond with the surface atoms or corresponds to an unbinding configuration. By fitting the computed cohesive energy with the experimental results, the energies of a single C atom (E c ) and a single S atom (E s ) can be established, E c is −1.48 eV [36] and E s is −0.91 eV, respectively.
(1) Figure 2 shows the potential energy surface (PES) of an S atom adsorbed on the fully hydrogen terminated diamond (001) surface. At positions P1 and P3, the adsorption energies were negative, which indicated that the deposited S atom did not bond with the surface C atoms. Moreover, the adsorption energy was small at the position P4, P5, and P6. The distances between the S atom and the surface C atom were between 3.52 and 3.77 Å, which were larger than the covalent radius sum of S and C, 1.79 Å. Therefore, the adsorptions corresponded to physisorptions. At position P2, the S atom abstracted the H atom from the nearest-neighbour carbon (C NN ) atom and bonded with the C NN atom. The distance between the S atom and the surface C atom was 1.84 Å. The adsorption energy reached the maximum value of 2.466 eV. As we have reported previously [19, 20, 23] , the C and H atoms were in the chemical saturated state on the H-Ter-D (001) surface. In this case, the deposited atoms were not easily adsorbed on the surface [19, 20] . The electronegativity of N was larger than that of carbon; thus, the deposited N atom could abstract the hydrogen atom from the surface carbon atom [23] . The electronegativity of S at 2.58 was almost the same as that of carbon at 2.55, and the S atom would unlikely abstract the H atom from the surface C atom due to its high electronegativity. However, the magnetic moment of the deposited S atom is relatively large at 0.962 µ B (Table 1) ; thus, the activity of the S atom was high, which might cause the S atom to abstract the H atom from the C NN atom. Figure 3a ,b show the charge density difference map of the diamond (001) surface before and after S atom adsorption at the position P2. The red, blue, and green colours display an increase in charge density, a decrease in charge density and a moderate charge density, respectively. The charge density difference map shows that the S atom adsorption caused a significant change in the charge distribution. Bader charge analysis [37, 38] and magnetic moment calculations were conducted. Before the S atom adsorbed at P2, the charges of C and H atoms are 3.923 and 0.973 electrons, respectively (Table 1) . After the S adsorption, the C atom's charge amount increases and the S atom's charge amount decreases. The S atom's magnetic moment was reduced from 0.962 to 0.000 µ B (Table 1) , which verified the combination of S atom with C NN and H atoms. Figure 4 shows the projected density of states (PDOS) of the C NN , H, and S atoms, when the S atom was adsorbed at P2 on the diamond (001) surface. The S 3p orbitals and the C NN 2p orbitals were resonant at −3.5 eV, and the S 3p orbitals and the H 1s orbitals were resonant at −3.65 eV, as exhibited in Figure 4d , demonstrating that the S atom bonded with both the C NN and H atoms. Table 2 presents the adsorption energies of B, Si, N, and S atoms on the fully H-Ter-D (001) surface. The N atom could abstract the H atom and bond with the C NN atom at P2 because of the high electronegativity of N. At P1, the N atom could bond with the two surface C atoms and caused the dimer bond to break. The adsorption energy reached 3.47 eV [23] . The electronegativity of S was almost the same as that of carbon. However, the activity of the deposited S atom was higher than that of the surface C NN atom; thus, the S atom could abstract the H atom and bonded to the C NN atom at P2 with the adsorption energy of 2.466 eV. The electronegativity values of Si and B were lower than that of C, and their adsorption energies on the diamond (001) surface were obviously low. 
On the 1ORS Slab
By removing a hydrogen atom B in Figure 1c , an open radical site (ORS) existed on the surface, denoted as 1ORS. The ORS left a dangling bond for the C NN atom at the corresponding position. The dangling bond played a key role in the introduction of a chemical reaction [19] . The adsorption energy E ad of an S atom was calculated by using Equation (1) . The total energy of the configuration of 1ORS slab was −1267.520 eV.
The adsorption energies of an S atom and the distances between the S and C NN atoms (denoted as d S-C ) on the 1ORS slab are listed in Table 3 . The PES in Figure 5 shows the S adsorption energies on the 1ORS slab. The PES in Figure 5 shows a deep valley shape whose deepest position is at P2. The data in Table 3 indicate that the adsorption energies are proportional to the distances (d S-C ) between the S and C NN atoms. The data in Table 3 suggest that the smaller the distance between the S atom and the C NN atom, the larger the adsorption energy. Considering that the hydrogen atom B was removed, the S atom deposited at P2 could bond to the surface C NN atoms with the bond length of 1.78 Å, which was close to their covalent radius sum of 1.79 Å. Thus, the adsorption energy reached a maximum value of 3.387 eV. Figure 6 shows the charge density difference maps of the 1ORS slab and of the S atom at P2, which shows that the S atom bonded with the C NN atom. The charges and magnetic moments of C NN and S atoms before and after S adsorption are listed in Table 4 . Only a slight amount of charge transfer was observed before and after the S atom adsorption on the 1ORS slab because the electronegativity of S was close to that of C. The magnetic moment of the C NN atom was 0.364 µ B due to the H atom absence before S atom adsorption. After S atom adsorption, the magnetic moment of the C NN atom reduced from 0.364 to 0.014 µ B , and the magnetic moment of the S atom decreased from 0.974 to 0.466 µ B , verifying the bond between the S and C NN atoms. The magnetic moment of the S atom remained 0.466 µ B , indicating that the S atom had unpaired electrons, which were beneficial to the further adsorption of C atoms and C-H radicals. The PDOS of the C NN and S atoms on the 1ORS slab are shown in Figure 7a ,b. The C NN 2p orbitals and the S 3p orbitals were resonant at −4.5 eV, indicating that the S atom bonded with the C NN atom. Figure 7b shows a clearly asymmetric distribution of S 3p spin-up and down states. This asymmetry is consistent with the magnetic moment of the S atom at 0.466 µ B (Table 4 ). Table 5 shows the adsorption energies of the B, Si, N, and S atoms on the 1ORS slab. The maximum adsorption energy is 5.197 eV corresponding to the B atom adsorbed at P5 [20] , 3.068 eV for the Si atom adsorbed at P2 [19] , 4.849 eV for the N atom adsorbed at P1 [23] , and 3.387 eV for the S atom adsorbed at P2. The maximum adsorption energy of B was larger than that of Si because the B atom at P5 abstracted a hydrogen atom from the nearby surface C atom and bonded with two surface C atoms [20] . The maximum adsorption energy of N was larger than that of Si because the N atom at P1 abstracted the H atom from the surface C atom and bonded with the two surface carbon atoms [23] .
The maximum adsorption energy of S was larger than that of Si because the electronegativity of S was larger than that of Si; thus, the C-S bond was stronger than that of Si-C on the 1ORS slab. The above analysis suggested that the presence of open radical sites increased the adsorption energy of each atom. 
On the 2ORS slab
When hydrogen atoms of A and B in Figure 1c were removed, two ORSs alongside the dimer row appeared on the surface, denoted as 2ORS-R. The total energy of the configuration of 2ORS-R slab, E slab , was −1152.921 eV.
The PES of the adsorption energies of an S atom on the 2ORS-R slab is shown in Figure 8 . The adsorption energies of S atoms at P1, P2, P3, and P4 were similar to those of the S atoms adsorbed at the corresponding positions on the 1ORS slab. At P5, because the two hydrogen atoms A and B were removed, the S atom combined with the two C NN atoms with both bond lengths of 1.92 Å. They were slightly longer than their covalent radius sum. In this case, the adsorption energy increased to 4.706 eV. Figure 9 shows the charge density difference map of the 2ORS-R slab. Figure 9b shows the charge density difference map of the 2ORS-R slab with the S atom adsorption at P5, which shows that the S atom has bonded with the two C NN atoms. The magnetic moments of two C NN atoms were both 0.390 µ B before the S atom adsorption, as shown in Table 6 , indicating that both C NN atoms had unpaired electrons or dangling bonds. The magnetic moments of two C NN atoms became 0.000 µ B after the S atom adsorption, thus verifying that the two C NN atoms bonded with the S atom. Meanwhile, the magnetic moment of the S atom reduced from 0.916 µ B to 0.000 µ B , indicating that the S atom reached the chemical saturation state, which could influence the adsorption behavior of the following deposited C atoms and the S atom itself. A further analysis will be presented in Section 3.5. Table 6 . Charges and magnetic moments of the S atom and the C NN atoms before and after S atom adsorption on the 2ORS-R slab. The spin-up and -down states of the C NN 2p orbitals and the S 3p orbitals ( Figure 10 ) were symmetric for the S adsorption at P5, which agreed well with the fact that the S and two C NN atoms' magnetic moments all decreased to 0.000 µ B . This finding suggested that the S atom and the C NN atoms all reached the saturated construction. The C NN 2p and the S 3p orbitals were resonant at −4.1 eV, implying that the S atom combined with the surface C NN atoms.
Atom
When the hydrogen atoms of B and E were abstracted in Figure 1c , two ORSs alongside the dimer chain by ring-closing side (denoted as 2ORS-CC) appeared on the surface. When the hydrogen atoms of B and C in Figure 1c were removed, two ORSs alongside the dimer chain by ring-opening side (denoted as 2ORS-CO) emerged on the surface. These two configurations were similar to the configuration of 2ORS-R slab. The absence of two hydrogen atoms presented the opportunity for the combination of the deposited S atom and two C NN atoms.
The PES of the 2ORS-CC slab is shown in Figure 11a . The adsorption energies of S atoms at P3, P4, P5, and P6 were similar to those of the S atom adsorption at the corresponding positions on the 1ORS slab. The S atom deposited at P1 bonds to the surface carbon dimer with bond lengths of 1.81 and 1.82 Å, which were close to their covalent radius of 1.79 Å. Thus, the adsorption energy reached a maximum value of 5.50 eV. The PES of the 2ORS-CO slab is shown in Figure 11b . The S atom at P3 bonded to the surface carbon dimer with bond lengths of 1.79 and 1.91 Å, which were close to their covalent radius of 1.79 Å. Thus, the adsorption energy reached 4.859 eV. The magnetic moments of two C NN atoms were 0.251 and 0.167 µ B before the S atom was adsorbed on the 2ORS-CC slab, as shown in Table 7 , indicating that the two C NN atoms had unpaired electrons. After the S atom adsorption, the magnetic moments of the two C NN atoms became 0.000 µ B , thus indicating that the two C NN atoms bonded with the S atom. In this adsorption process, the magnetic moment of the S atom decreased from 0.965 to 0.000 µ B , indicating that the S atom bonded with the two C NN atoms and was in the chemical saturation state. Table 7 . Charges and magnetic moments of C NN atoms and S atom before and after the S atom adsorption on the 2ORS-CC and 2ORS-CO slabs.
Before The spin-up and -down states of the C NN 2p orbitals and the S 3p orbitals were symmetric when an S atom adsorbed at position P1 on the 2ORS-CC slab, shown in Figure 13a ,b, which agreed well with the fact that the S atom and two C NN atoms' magnetic moments were 0.000 µ B . As shown in Figure 13c , the C NN 2p orbitals and the S 3p orbitals were resonant at −3.15 eV, indicating the bonding between these atoms. Figure 13d -f shows the PDOS of the S atom adsorption on the 2ORS-CO slab, which is similar to the case of the S atom adsorption on the 2ORS-CC slab. In summary, the S atom can adsorb stably on the 2ORS slabs with relatively large adsorption energies from 4.7 to 5.5 eV. The charge density difference maps, the magnetic moment changes and the PDOS results revealed the bonding between the deposited S atom and the surface C NN atoms. Remarkably, after bonding with the two surface C NN atoms, the magnetic moment of the S atom became 0.000 µ B , which could influence the adsorption of the subsequent C atoms and the S atom itself.
On the 3ORS Slab
When the hydrogen atoms E, B, and C in Figure 1c were abstracted, three open radical sites appeared along the dimer chain, which was denoted as 3ORS-C. When the hydrogen atoms of A, B, and D in Figure 1c were removed, three open radical sites emerged along the dimer row, which was denoted as 3ORS-R.
The configuration of the removed hydrogen atoms E, B, and C were equivalent to the configurations of 2ORS-CC and 2ORS-CO. The PES of adsorption energy of the S atom on the 3ORS-C slab is shown in Figure 14a , and two deep valleys are found on the PES. One deep point was at the position P3 and the other was at the position P1. Therefore, the migration path for the S atom on the direction of dimer chain was from the position P3 to the position P1. Figure 14 . PES and minimum migration energy path curves of 3ORS slabs: (a) PES of an S atom on the 3ORS-C slab; (b) PES of an S atom on the 3ORS-R slab; (c) minimum migration energy path curves for the S atom migration on the 3ORS-C slab from P3 to P1; and (d) minimum migration energy path curves for the S atom migration on the 3ORS-R slab from P5 through P2 to P5 .
Similarly, the configuration of the removed hydrogen atoms A, B and D were equivalent to the configuration of the two connected 2ORS-R. The PES of adsorption energy of the S atom on the 3ORS-R slab is displayed in Figure 14b . There were two deep valleys on the PES. One deep point was at the position P5 [between A and B in Figure 1c] and the other deep point was at the position P5 [between B and D in Figure 1c] . The two deep valleys on the PES are symmetric to the position P2. The one valley by the position P5 side is displayed in Figure 14b . The migration path of the S atom was from the position P5 through the saddle point P2 to the position P5 . Table 8 presents the calculation data of the minimum migration energies, and Figure 14c ,d show the fitting curves. In the case of 3ORS-C, Figure 14c and Table 8 show that the energy barrier required for the S atom to migrate from P1 to P3 is 1.299 eV. Similarly, in the case of 3ORS-R, the energy barrier for the S atom to migrate from P5 through P2 to P5' is 1.348 eV (Figure 14d and Table 8 ).
In summary, S atoms can be stably adsorbed on the diamond (001) surface with three open radical sites. On the 3ORS-C and 3ORS-R slabs, the minimum migration activation energies of S atoms were 1.299 and 1.348 eV, respectively.
Adsorption of a C Atom Deposited to the Region Near the S Atom Adsorbed on the 2ORS-R Slab
The magnetic moment of the S atom was 0.000 µ B when an S atom bonded with the two surface C NN atoms on the 2ORS-R slab, which reflected the intrinsic quality of S atoms. The S atom has six electrons in its outermost electron shell. Upon combining of the S atom with the two surface C NN atoms, S had eight electrons in its valence shell. According to the octet rule, the magnetic moment of S should be 0.000 µ B . In this case, a C atom with four unpaired electrons deposited close to the S atom, which naturally influenced the adsorption of the S atom. To study this effect, the adsorption behavior of the C atom deposited to the region near the S atom that adsorbed on the 2ORS-R slab was investigated.
After the newly introduced carbon atom (C NEW ) stably bonded with the S atom, the distance between the S atom and the surface C NN atom increased from 1.92 to 2.33 Å, which was larger than their covalent radius sum of 1.79 Å. Thus, the bonding between the S atom and the surface C NN atom was loose and tended to break. Meanwhile, the distance between the S atom and the C NEW atom was 1.55 Å, which was smaller than their covalent bond radius sum of 1.79 Å; thus, the two atoms were combined to form a C-S molecule. Figure 15a ,b show the charge density difference maps of the S atom on the 2ORS-R slab before and after the C NEW atom adsorption. Before the C NEW atom adsorption, the S atom stably bonded with two surface C NN atoms. After the C NEW atom adsorption, the S atom bonded with the C NEW atom and tended to be desorbed from the diamond (001) surface. A large number of electrons gathered around the C NEW atom, as shown in blue and green in Figure 15b . Table 9 lists the charge amount and magnetic moments of C NN , C NEW and S atoms before and after the C NEW atom adsorption. After the C NEW atom adsorption, the charge amounts of the S atom reduced from 6.048 to 5.540 electrons, whereas those of the C NEW atom increased from 4.096 to 4.628 electrons. This finding quantitatively showed the acquired electron effect of the C NEW atom, as displayed in Figure 15b . The charge amounts of the C NN1 and C NN2 atoms were slightly increased. The magnetic moment of the C NEW atom was 1.023 µ B before the C NEW atom adsorption, thus manifesting the strong chemical activity of the C NEW atom. After the C NEW atom adsorption, the magnetic moment of S, C NEW , C NN1 , and C NN2 atoms is 0.000 µ B , indicating that the four atoms were in chemically stable states. Figure 16a -c show the PDOS of the atoms of C NN , C NEW and S, respectively. Figure 16d shows the PDOS of the C NEW 2s orbitals, C NEW 2p orbitals, S 3s orbitals, S 3p orbitals, and C NN 2p orbitals. The C NEW 2s orbitals and the S 3s orbitals were resonant at −15 eV, as shown in Figure 16 b-d, meanwhile, the C NEW 2p orbitals and the S 3p orbitals were resonant at −3.15 and −1.8 eV so that the atoms of C NEW and S were combined with a C-S triple bond.
The C NEW 2p orbitals and the C NN 2p orbitals were resonant at −0.45 eV, as shown in Figure 16a ,b,d), which indicated that the C NEW atom bonded with two C NN atoms. The magnetic moments of C NN1 and C NN2 atoms were 0.000 µ B , which implied the bonding between the surface C NN atoms and the C NEW -S molecule. The bonding of the surface C NN atoms and the C NEW -S molecule was at −0.45eV, being close to the Fermi line. Therefore, the bonding might easily break.
Two additional calculations were conducted. The first one, a new hydrogen atom deposited to one surface C NN atom when the C NEW -S molecule combined with it. The calculation results showed that the distance between the S atom and the C NN atom increased from 2.33 to 3.98 Å, indicating the bonding between the C NEW -S molecule and the surface C NN atoms was loose. Meanwhile, the distance between the H atom and the C NN atom was 1.10 Å, thus manifesting the combination of the new H atom with the C NN atom. Additionally, the bond length of the C NEW -S molecule was 1.54 Å, demonstrating the C NEW -S molecule was stable. The second one, two new hydrogen atoms deposited to two surface C NN atoms when the C NEW -S molecule combined with them. The results showed that the distance between the S atom and the C NN atom further increased to 4.25 Å, indicating the C NEW -S molecule to be desorbed from the surface. Meanwhile, the distance between the H atom and the C NN atom was 1.10 Å and the bond length of the C NEW -S molecule was 1.54 Å. Therefore, the molecule C NEW -S was easily desorbed from the diamond (001) surface.
Plasma diagnostics [24] indicated that the C-S species were in the plasma region. These C-S species might come from the desorption of the C-S molecule, which led to the low S incorporation rate of the S-doped diamond films.
In summary, the S atoms that stably adsorbed on the 2ORS-R slab could be abstracted by a deposited C NEW atom and hence formed a C-S molecule with a C-S triple bond. The two surface C NN atoms could bond with the C-S molecule. Therefore, the four atoms all were in chemically stable state. However, the chemical bonds between the C-S molecule and the two surface C NN atoms were relatively weak, so they easily broke. Therefore, the C-S molecule tended to be desorbed from the diamond (001) surface. From this point of view, the S atom deposited on the diamond (001) surface firstly underwent a stable adsorption and then desorption from the diamond (001) surface in the form of a C-S molecule. This phenomenon indicated that the S atoms were difficult to incorporate into the diamond films. In other words, the direct S doping method can intrinsically fabricate the S-doped diamond films with low S incorporation rate. Some experimental results demonstrated the low S incorporation rate in the S-doped diamond films [2, 12] . If the high S incorporation rate into the diamond films is important, the other composition method should be determined.
Conclusions
In the above study, first-principles calculations were carried out to reveal the inherent law in the S-doped diamond film growth. The calculations focused on the adsorption and migration of an S atom on the hydrogen terminated diamond (001) surface without and with open radical sites (ORSs). Results presented the following conclusions:
• According to the calculation results, deposited S atoms can be adsorbed on diamond (001) surface. When the surface was fully hydrogen terminated, a deposited S atom can abstract a hydrogen atom and then was adsorbed there with adsorption energy of 2.47 eV. When one or two ORSs existed on the surface, the adsorption energy increased to 3.39 or 5.5 eV.
•
The S atom can migrate on the 3ORS slabs and the energy barrier was approximately 1.35 eV. This means that S atoms may easily diffuse at the deposition temperature over 1000 K in accordance with the Arrhenius equation [39] .
An interesting evolving phenomenon was demonstrated through the PDOS calculations and the magnetic moment analysis and the inherent law was discovered. On the 2ORS slabs, the magnetic moment of the S atom became 0.000 µ B after combining with the two surface C atoms. In such case, a new deposited C atom will combine with the S atom with a triple bond, and then the C-S molecule will be desorbed from the surface. The abstraction of the adsorbed S atom results from the fact that S atoms have six electrons in their outermost electron shell. This finding revealed the reason behind the low S incorporation and the growth rate decrease in S-doped diamond film deposition. This discovery also indicated that atoms with six electrons in their outermost electron shell might hardly be doped into the diamond films during the CVD process. 
